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Next generation sequencingWe present here the de novo assembly and annotation of the transcriptome of Plutella xylostella
(diamondback moth (DBM)), a widespread destructive pest of cruciferous plants, using short reads
generated by Illumina sequencing from different developmental stages and insecticide-resistant strains. A
total of 171,262 non-redundant sequences, denoted as unigenes, were obtained. They represented
approximately 100-fold of all DBM mRNA and EST sequences in GenBank thus far. We identiﬁed 38,255
unigenes highly similar to the known functional protein-coding genes, most of which were annotated
using gene ontology (GO) and orthologous groups of proteins (COG). Global proﬁling of differentially
expressed unigenes revealed enriched GOs and biological pathways that were related to speciﬁc
developmental stages and insecticide resistance. We also evaluated the resistance-related single nucleotide
polymorphism (SNP) using this high-throughput genotyping method. The newly developed transcriptome
will facilitate researches on the DBM developmental biology and insecticide resistance evolution, and
ultimately provide better pest management systems.
© 2012 Elsevier Inc. All rights reserved.1. Introduction
The diamondback moth (DBM), Plutella xylostella (L.)
(Lepidoptera: Yponomeutidae), is a worldwide insect pest that
attacks crucifers, particularly cabbage, broccoli and cauliﬂower. DBM
larvae feeding may cause serious damage to plant foliage and result
in signiﬁcant losses to the production of these economically impor-
tant vegetables. In some places, DBM is responsible for more than
90% of crop losses. The global importance of DBM is reﬂected in the
estimated pest management cost of US $1.0 billion annually [1].
Developmental characteristics and physiological adaption of an in-
sect to the environment are key factors determining the host–pest
association. It is always a controversy whether DBM diapauses or
hibernates at any life stage, although a gene putatively controlling
this biological process has been found [2]. It is also unclear whether
the reoccurrence of DBM population after noncropping periods or
winter is through hibernation in host plant debris or long-distance
immigration by wind currents [1]. Advances in DBM research have
been limited until recently. Understanding the genes that triggeromponent; CRS, chlorpyrifos-
FRS, ﬁpronil-resistant strain;
n; MGS, midgut-speciﬁc; Ns,
rain.
rights reserved.developmental adaption could have a great impact on the develop-
ment of novel strategies for pest control, such as the RNA interfer-
ence (RNAi)-based biopesticides [3].
The application of chemical insecticides has long been one of the
main strategies in DBM control. Their long-term overuse or misuse
has led to resistance to almost all types of chemical insecticides [1].
DBM has also evolved a growing resistance to the toxic proteins of Ba-
cillus thuringiensis (Bt) [4]. The molecular mechanisms of DBM insec-
ticide resistance include elevated expression of detoxiﬁcation genes
[5,6], target insensitivity caused by amino acid substitution [7–10],
premature stop codons [11], and alternative mRNA splicing [12,13].
A novel mechanism of mis-spliced transcripts of nicotinic acetylcho-
line receptor α6, which is associated with ﬁeld-evolved spinosad
resistance, was recently discovered in DBM [14] using a map-based
cloning strategy and genomic information from the silkworm
(Bombyx mori) model insect [15]. As DBM's Bt Cry1Ac resistance
locus [16,17] is found on a different chromosome than the known
candidate genes in other lepidopteran pests [18] an alternative mech-
anism of DBM Bt resistance remains to be elucidated. A considerable
number of insecticide resistance genes may warrant exploration but
currently, large-scale expression proﬁling and screening for
resistance-related transcripts in DBM are limited.
The construction of an integrated transcriptome dataset is crucial
for a better understanding of the developmental processes and the
induction of insecticide resistance, especially when the genomic
information is not yet available. Far less than 3000 DBM nucleotide
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ESTs (as of August, 2011). Proteomic analysis [19] and expressed se-
quence tag (EST) sequencing [20] of immune-related transcripts
have produced ~2000 unique sequences, which comprises the most
of public DBM ESTs. This work has lagged far behind the B. mori, of
which the EST database contains at least 11,000 non-redundant
ESTs [21]. We conducted the de novo assembly of the DBM transcrip-
tome and large-scale expression proﬁling based on the deep sequenc-
ing of individual mRNAs from four different developmental stages
and two insecticide-resistant strains (IRSs) using the next-
generation sequencing (NGS), a powerful and promising tool for tran-
scriptomics [22]. The molecular details provided here are useful for
studies on development and insecticide resistance of DBM.
2. Results and discussion
2.1. Illumina sequencing and de novo assembly
Each sample resulted in a library containing an average of
~28 million of reads equal to ~4 Gb and a total data of ~25 Gb were
generated (Table 1). The mean contig length obtained was 158 bp,
with the largest being a 6321 bp contig from the larvae of ﬁpronil-
resistant strain (FRS), the shortest a 75 bp singleton from each
sample, and an N50 length ranging from 152 to 168 bp (Table 1).
The detailed contig length distribution is shown in Additional File
1A. The contigs were further assembled into longer scaffolds of a
mean length of 284 bp, with the largest scaffold of 13,855 bp
originating from the egg sample, and an N50 length of 349 bp to
383 bp (Table 1). The detailed length and gap ratio distribution of
the scaffolds are shown in Additional Files 1B and C. Using paired-
end (PE) information, we extended the scaffold length to generate
corresponding unigene sets with longer N50 i.e., between 470 bp
and 521 bp (Table 1). After clustering and redundancy ﬁltering, we
obtained an integrated unigene set containing 171,262 distinct
sequences with a mean length of 547 bp and a total length of
approximately 94 Mb (including 3.24% Ns). The unigenes displayed
a declining trend with an increase in length, of which up to 60%
were gap free, while a small portion still contained more than 30%
of Ns (Additional Files 2A and B).
Our results were similar to those of Wang et al. who reported
168,900 unique sequences generated in Bemisia tabaci transcriptomes
(whiteﬂy) [23]. The mean length of DBM assembly results was
547 bp, approximately twice that of whiteﬂy (266 bp). Under the
strict ﬁltering criteria proposed by Birzele et al. [24], the number ofTable 1
Summary statistics for the Illumina sequencing and assembly of six samples of Plutella
nucleotides are calculated by multiplying total clean reads by paired-end read length (150
the uncertain base in the output sequencing data. N50 denotes the size above which half of
FRS=ﬁpronil strain.
Description Egg Larva Pup
Total reads 29,117,726 28,588,990 27,5
Total nucleotides (bp) 4,367,658,900 4,288,348,500 4,12
Q20 percentage (%) 93.94 94.69 94.9
N percentage (%) 0.01 0.00 0.01
CG percentage (%) 45.53 47.88 45.3
Number of contigs 313,859 223,409 297
Length of contigs 48,157,445 35,881,966 47,6
Mean length of contigs 153 161 160
N50 of contig set 152 166 164
Number of scaffolds 151,777 112,566 150
Length of scaffolds 42,109,925 32,237,614 42,6
Mean length of scaffolds 277 286 284
N50 of scaffold set 351 364 359
Number of unigenes 70,234 69,008 73,1
Length of unigenes 31,379,592 24,771,927 32,4
Mean length of unigenes 447 436 444
N50 of unigene set 479 470 479highly conﬁdent homologs to DBM unigenes in the protein database
was 38,255 compared to the 27,290 sequences obtained at a low
stringency in whiteﬂy, indicating the generation of a higher quality
of DBM transcriptome.
2.2. Evaluation of de novo assembly
Approximately 90% of the public DBM ESTs were covered by
unigenes, while the coverage percentage for mRNA sequences was
above 95% (Table 2). The length coverage for these public nucleotides
was ~50% (Table 2). Our unigene set contained approximately 100-
fold of the available sequence resources for this species, and enlarged
the dataset extensively. Because most of the ESTs deposited in
GenBank were from cDNA libraries of DBM challenged by microbes
[20], the missing coverage by unigene sequences demonstrated the
differentially expressed immune-related transcripts.
To further verify the assembly quality, we constructed a mixed
cDNA library from all samples of susceptible DBM strain (SS) and se-
quenced by Sanger sequencing. Approximately 80% of the randomly
sequenced 10,020 ESTs were matched with the unigenes (Table 2).
The ESTs that showed low identity with the unigenes generally
ranged from 50 to 200 bp in length (Additional Files 2C). Because
the ESTs were all derived from the sequencing of the 5′-terminus of
cDNA, this small region of transcripts is likely more difﬁcult to be
recovered by NGS, which might result in the relatively low length
coverage of ESTs by unigenes. On the other hand, the length coverage
by unigene is also ~50% (Table 2), possibly indicating the difference in
the capability for transcript recovery between these two sequencing
technology.
We tested the similarity between DBM transcriptome with the
genes of B. mori in SilkDB (http://silkworm.swu.edu.cn/ silkdb/doc/
download.html) using the blastn program. More than 65% of unigenes
matched with the predicted genes of the B. mori genome, and nearly
half of the B. mori ESTs showed high identity with DBM unigenes
(Table 2). A length of ~30% of the protein-coding sequences in
B. mori genome could align well with DBM unigenes (Table 2),
which partly reﬂected a genome-wide similarity between these two
species.
2.3. Blastx searching of unigenes
Based on stringent searching criteria (e-value≤1e-10, alignment
length≥60%, and ≤5 different Blast hits for the same query), we
obtained 38,255 unigenes that were highly similar to candidatexylostella. The paired-end sequencing libraries were construed and sequenced. Total
bp). Q20 percentage denotes the percentage of base error rate below 0.01. N means
the total length of the corresponding sequences is composed. CRS=chlorpyrifos strain,
a Adult CRS FRS
14,263 28,100,307 28,318,950 29,793,272
7,139,450 4,215,046,050 4,247,842,500 4,468,990,800
9 95.14 88.51 89.22
0.01 0.01 0.01
4 45.21 51.78 48.83
,571 287,515 229,576 250,198
59,791 45,502,003 36,805,193 40,375,603
158 160 161
163 167 168
,186 143,774 113,775 121,966
14,665 40,032,791 32,709,011 35,752,221
278 287 293
349 372 383
94 55,943 54,869 58,565
63,971 30,074,226 24,912,933 27,391,857
443 454 468
479 499 521
Table 2
Evaluation of the de novo assembly quality of the DBM transcriptome. The 171,262 non-redundant sequences from de novo assembled DBM transcriptome were used as a database
for local blastn search. Length coverage is calculated by dividing the sum of the aligned length of each unigene with the lowest e-value by total length of the corresponding query
group. Px=P. xylostella, Bm=B. mori.
Query dataset Number
of genes
Number of hits Ratio of hits (%) Total length of query
(bp)
Length coverage (%)
e-5 e-10 e-5 e-10 e-5 e-10
Px-EST 1444 1311 1146 90.79 86.63 696,395 53.96 53.38
Px-mRNA 419 409 405 97.61 96.66 441,625 58.58 43.68
Px-cDNA library 10,020 8203 7914 81.87 78.98 5,217,207 48.27 48.09
Bm-ESTs 184,509 96,709 81,949 52.41 44.41 101,310,233 24.44 22.99
Bm-genome 16,329 11,503 10,689 70.45 65.46 17,905,863 32.25 31.65
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length distribution of these unigenes was similar to that of the
integrated unigene set, with over 80% consisting of unigenes ranging
from >200 to 1000 bp. A decrease in unigenes was signiﬁcantly
associated with an increase in gap ratio (Additional Files 2A and B),
of which more than 75% were gap ratio≤0.01. Among the most
similar candidates to corresponding unigenes, 307 were signiﬁcantly
matched to known protein-coding sequences of P. xylostella. This
accounted for less than 1% of the results (Fig. 1). It is obvious that a
large set of novel transcripts in DBM were identiﬁed, although there
were twice more known DBM protein sequences in the public data-
base than the hits. Of the reported insect genomes, it is interesting
that the most hits were from Tribolium (Coleoptera), followed by
Drosophila (Diptera), Apis (Hymenoptera), and Bombyx (Lepidoptera)
(Fig. 1). The DBM transcriptome also showed a reasonable percentage
of similarity to other sequenced insects. In addition, there were still
19% of the unigenes highly similar to other species in Lepidoptera,
such as Manduca, Helicoverpa, Spodoptera, Heliothis, Heliconius and
Papilio, and a small portion of the vertebrates of Mus, Homo, Xenopus
and Rattus. The DBM transcriptome was estimated to contain 12,878
different known candidate proteins, 2512 of which covered more
than 95% in length of the corresponding cDNA sequences.
We obtained 11,807 annotated unigenes through GO annotation
(Fig. 2). The three most enriched categories from each GO domain
came from cells or cell parts (containing 6854 unigenes), binding
(6792) and cellular process (6717) suggesting that the life cycle of
DBM is mainly governed by genes related to cellular structure,
molecular interaction and cell communication. In contrast, among
the categories with the fewest members were cell killing and viral
reproduction of the biological process (BP) ontology, virion or virionAB
C
D
E
F G
H
I J
K
Fig. 1. Distribution of genera from blastx results. The numbers of the genera from the bes
percentages and compared in a pie chart. The parts with different colors and letters denote
known genes and the top genus in which the insect genomes have been sequenced. The righ
a signiﬁcant part of the Lepidopteran species, some vertebrates and the sporadic hits. A: Trib
(7.78%); F: Anopheles (6.52%); G: Culex (4.92%); H: Acyrthosiphon (4.26%); I: Aedes (4.22%)
(1.27%); c: Manduca (1.07%); d: Hydra (0.75%); e: Helicoverpa (0.72%); f: Spodoptera (0.6
k: Caenorhabditis (0.39%); l: Ciona (0.38%); m: Glyptapanteles (0.35%); n: Mus (0.35%); o: O
(0.28%); t: Taeniopygia (0.26%); u: others (7.98%).part of the cellular component (CC) ontology, and auxiliary transport
protein activity, metallochaperone activity, nutrient reservoir activity
and protein tag of the molecular function (MF) ontology. It implies
that some interaction between the DBM and viruses, such as granulo-
virus [25], nucleopolyhedrovirus [26] or bracovirus [27] may exist. On
the other hand, 8914 unigenes, less than GO results, were annotated
based on COG analysis (Fig. 3). The three largest categories encode
1) predicted proteins (1893 candidates), 2) proteins involved in
DNA replication, recombination, and repair (1558), and 3) proteins
involved in amino acid transport and metabolism (907). Our results
suggested that many unigenes might still need to be functionally
veriﬁed as the nucleotide processing and protein metabolism in
DBM could be active.
Considering the importance of insecticide resistance in DBM, we
searched for the homologs of insecticide targets and detoxiﬁcation
enzymes. All of the chemical insecticide- and Bt resistance-related
genes identiﬁed from the transcriptome were the same as those
from B. tabaci [23] and M. sexta [28] (Table 3). The novel DBM tran-
scriptome contained a much larger group of insecticide targets and
detoxiﬁcation genes than those that have been previously studied in
DBM [7–10,14,16,17,29]. We identiﬁed the expansion of gene families
coding for cytochrome P450s and carboxylesterases, indicating their
predominant roles in the enzymatic detoxiﬁcation metabolism of
chemical insecticides in DBM. We also identiﬁed trypsin members, a
kind of intracellular protease that is taken to be involved in the prote-
olysis of target products and the supply of precursor amino acids for
the de novo synthesis of detoxifying enzymes in response to insecti-
cide stress [30]. After performing blastx search against the 160
midgut-speciﬁc (MGS) orthologs of B. mori [31], we found several
DBM homologs. Notable among them were 11 DBM homologs ofu
a
b
c
d e f g
h
i j
k
l
m
n
o
p
q
r
s
t
t blastx hits (with the lowest e-value) of unigenes were calculated, transformed into
different genera. The left pie containing capital letters indicates the hit percentage to
t pie containing lowercase letters indicates the details of other species (K) that include
olium (19.95%); B: Drosophila (13.39%); C: Apis (10.16%); D: Bombyx (9.04%); E: Nasonia
; J: Plutella (0.80%); K: other species (19.00%); a: Strongylocentrotus (1.45%); b: Danio
4%); g: Heliothis (0.53%); h: Heliconius (0.48%); i: Papilio (0.47%); j: Glossina (0.39%);
strinia (0.31%); p: Homo (0.31%); q: Schistosoma (0.31%); r: Xenopus (0.30%); s: Rattus
Fig. 2. GO classiﬁcation of unigenes after blastx search. Histogram presentation of the GO annotation was generated automatically by the web histogram tool WEGO (http://wego.
genomics.org.cn/cgi-bin/wego/index.pl) using the newest GO archive provided. The unigenes were classiﬁed at the second level under three root GO domains: cellular component,
molecular function and biological process. The right and left y-axes indicate the number and the corresponding percentage of a certain ontology within each root domain,
respectively. One unigene could be annotated into more than one GO term.
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trypsin and insecticide resistance in DBM are lacking, further
investigations into the function of the MGS trypsins are signiﬁcant.
Interestingly, genes encoding cadherin-like protein, aminopeptidase
N and intestinal mucin were the three most abundant Bt resistance-
related transcripts. Considering their abundance and MGS expression
(Table 3), these genes might remain the ﬁrst choice for genetic
studies of Bt resistance loci, although it is known that some MGSN
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Fig. 3. COG classiﬁcation of unigenes after blastx search. The unigenes of the integrative un
proteins (COGs) on NCBI (http://www.ncbi.nlm.nih.gov/COG/). The results could be categ
capital letters under the x-axis. The y-axis denotes the number of unigenes in a correspondparalogs of these genes are mapped to different chromosomes
[16,17].
The unigenes that did not align with any candidates in the data-
base may represent DBM-speciﬁc transcripts or erroneous assemblies
and untranslated regions (UTRs). In total, we found 13,309 unknown
unigenes, and the longest predicted coding region was 4075 bp. The
sequences declined sharply with the increase in length, while the dis-
tribution of gap ratios was relatively even (Additional Files 2A and B).A: RNA processing and modification
B: Chromatin structure and dynamics
C: Energy production and conversion
D: Cell cycle control, cell division, 
chromosome partitioning
E: Amino acid transport and metabolism 
F: Nucleotide transport and metabolism
G: Carbohydrate transport and metabolism
H: Coenzyme transport and metabolism
I: Lipid transport and metabolism
J: Translation, ribosomal structure 
and biogenesis
K: Transcription
L: Replication, recombination and repair
M: Cell wall/membrane/envelope biogenesis
N: Cell motility
O: Posttranslational modification, 
protein turnover, chaperones
P: Inorganic ion transport and metabolism
Q: Secondary metabolites biosynthesis,
transport and catabolism
R: General function prediction only
S: Function unknown
T: Signal transduction mechanisms
U: Intracellular trafficking, secretion, 
and vesicular transport
V: Defense mechanisms
W: Extracellular structures
Y: Nuclear structure
Z: Cytoskeleton
S T U V W Y Z
igene set were also searched against the database of clusters of orthologous groups of
orized into several function classes. Each function class was represented by different
ing function class.
Table 3
Genes of the insecticide targets and those involved in detoxiﬁcation. The DBMmRNA and EST sequences deposited in GenBank as of August, 2011 were used for the blastx searching
at the e-value cutoff of e-5. The midgut-speciﬁc (MGS) transcripts of B. mori were derived from Xia et al. [31]. The numeral set delimited by the parentheses denotes the number of
ESTs with blast hits to the genes concerned in Nr database, where the ﬁrst numeral means the number of hits to the DBM transcriptome and the second one means only to the Nr
database.
Description No. of homologs in DBM
transcriptome
No. of homologs to
MGS transcripts
of B. mori
No. of known
DBM genes
No. of known
DBM ESTs
Chemical insecticide-related
Carboxylesterase 163 6 6 (30, 0)
Catalase 23 0 0 (2, 0)
Cytochrome P450 270 3 16 (7, 0)
Glutathione S-transferase 43 1 9 (8, 0)
NADH dehydrogenase 87 0 0 (11, 16)
NADH oxidoreductase 75 0 0 (4, 0)
Superoxide dismutase 18 0 1 (1, 0)
Trypsin 208 11 4 (46, 1)
Acetylcholinesterase 11 3 4 (0, 0)
GABA receptor 38 3 9 (1, 0)
Nicotinic acetylcholine receptor 23 0 19 (0, 0)
Sodium channel 22 0 13 (0, 0)
Bt Cry1A toxins-related
Aminopeptidase N 70 4 16 (2, 5)
Alkaline phosphatase 17 2 1 (0, 0)
Cadherin-like 276 5 8 (2, 0)
Glycolipids 2 1 7 (0, 0)
Intestinal mucin 45 2 1 (4, 2)
Polycalin 10 2 0 (1, 0)
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development
Based on the digital expression values of the 38,255 unigenes that
were highly similar to known orthologs, we listed the ﬁve most
abundant transcripts from our different samples (Additional File 4).
We found DBM homologs to be the key factors in invertebrate embry-
onic development, for the cuticular development, muscle movement
and amino acid storage of larvae, related to the cocooning, immune
response and nutrient preservation of pupae, and for the female
oogenesis and male chemoreception of adults.
Expression patterns of the developmental stage-related differen-
tially expressed unigenes (DEUs) are shown in Additional Files 5A–
D. GO analysis of these DEUs revealed that all stages shared similar
classiﬁcation results, with slight differences in the ratio of gene
numbers of each GO category (Additional Files 6A–D and 7A–D).
The cellular process and metabolic process of the BP ontology, cells
or cell part and organelle or organelle part of the CC ontology, and
binding and catalytic activity ontology of the MF ontology accounted
for the greatest proportions, indicating their important roles in
regulating DBM development. Notably, the viral reproduction and
cell killing of BP ontology was again observed in the DEUs except
for the adult stage, implying the vulnerability of DBM to viruses
during development. In addition, auxiliary transport protein and
metallochaperone activity from the MF ontology, which are essen-
tial for biogenic transport and metal ion delivery, appeared to be
larva-speciﬁc.
The top three categories from the clustering analysis of the Kyoto
encyclopedia of genes and genomes (KEGG) pathways (Additional
Files 8A–D and 9A–D) revealed that egg-related DEUs were involved
in the cancer process, focal adhesion and regulation of the actin
cytoskeleton. We inferred that the development of the egg, which
requires cell–matrix adhesion-related roles, such as cell proliferation
and differentiation, and the maintenance of the cytoskeleton, was
partially similar to that of human cancer. In the larval stage, DEUs
participating in the pathways of regulation of the actin cytoskeleton,
lysosome and drug metabolism were distinctly clustered. In addition,
we found DEUs clustered in the pathways of starch and sucrose
metabolism, xenobiotics by cytochrome P450, and steroid hormonebiosynthesis. These DEUs may be associated with the cell motility,
carbohydrate metabolism, detoxiﬁcation and insect endocrine sys-
tem, which encompass the ﬁndings in larval midgut transcriptome
of M. sexta [28]. Pupa- and adult-related DEUs were clustered in
categories similar to that of larva, while they were also characterized
by the peroxisome pathways, the biosynthesis and metabolism of
fatty acids that may be involved in the regulation of insect sex
pheromone levels [32], and the insulin signaling pathway that is a
key regulation network of insect reproduction [33].
2.5. Identiﬁcation of enriched GOs and pathways from DEUs for
insecticide resistance
Similar to the larval stage, the most abundant transcripts in both
IRSs were those involved in cuticular development and amino acid
storage. Somewhat differently, the glucosinolate sulphatase gene,
which was critical for the protection of DBM from the toxic glucosino-
lates generated by plant myrosinase [34], and a heavy-chain ﬁbroin
gene, an essential component of the ﬁlament core of lepidopteran
silk ﬁbers [35], were abundantly expressed in chlorpyrifos-resistant
strain (CRS) and FRS, respectively (Additional File 4). This may indi-
cate that the development of chemical insecticide resistance is associ-
ated with the alteration of gene expression thus activating a self-
defense system and inﬂuencing normal physiological activities.
We identiﬁed 7152 up- and 2893 down-regulated CRS-related
DEUs from blastx result, while those of FRS-related DEUs were 5065
and 2225, respectively (Additional File 10). There were more up-
regulated DEUs in both IRSs, suggesting the expression of some of
these genes were induced as an adaption to insecticide stress. Further
GO clustering analysis of the DEUs revealed that cellular andmetabol-
ic processes of the BP ontology, cell or cell part of the CC ontology, and
binding and catalytic activity of the MF ontology were the predomi-
nant terms (Additional Files 6E and F and 7E and F). Our results
suggested that a large set of genes involved in various cellular and
metabolic processes were activated and directly or indirectly associ-
ated with the resistance, possibly by inﬂuencing the physiology of
the cells through their binding function, such as transcriptional
regulators, and enzymatic activities, such as the detoxiﬁcation of
xenobiotics.
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9E–F) revealed remarkable changes in focal adhesion and metabolic
pathways in CRS and FRS, respectively. In addition, the lysosome
and insulin signaling pathways were also clustered in DEUs of both
resistant strains. It appeared that multiple cellular processes in CRS
and metabolic pathways in FRS were dramatically changed, and that
the digestive activity for macromolecules and reproductive behavior
were induced in both IRSs.
2.6. Identiﬁcation of resistance-related SNP and novel detoxiﬁcation
genes in IRSs
The structural transformation associated with target insensitivity
resulting from amino acid substitution by allelic mutation is one of
the major mechanisms of insecticide resistance that is responsible
for many of the resistance in DBM [7–10,29]. The identiﬁcation of
several point mutations in DBM strains resistant to Ops of prothiofos
[7,8] and acephate [29] was consistent with observations in ﬂy
species [36] and suggests a common resistance mechanism to this
type of insecticide among insects. Using the high-throughput SNP
genotyping method derived from NGS, we found 10 SNPs with high
reliability in ace1 of CRS (Table 4), conﬁrming the ﬁnding that this
ace is encoding the predominant acetylcholinesterase (AChE) as
target of OPs in DBM [7,8]. Among them, seven were homozygous
SNPs, having all synonymous mutations, while three were heterozy-
gous resulting in one partial non-synonymous mutation (site 535,
T/G) and two synonymous (sites 1050, T/G and 1077, C/T) mutations.
The non-synonymous mutation of the heterozygous SNP (T) led to a
predicted amino acid substitution at residue 298 in AChE, changing
it from Ala to Ser. This ﬁnding was in accordance with one of the
mutant sites discovered by Lee et al., who regarded the mutation as
prothiofos resistance-related because A298 was a structurally impor-
tant residue for the interaction between AChE and both substrates
and inhibitors [8]. Interestingly, the coexistence of SS allele at site
535 of resistant ace1 implied a possible alternative resistance mecha-
nism to pesticides, although no correlation between the expression of
certain glutathione S-transferase (GST) genes and the resistance level
of the acephate-resistant strain has been found [29]. However, we did
not ﬁnd the corresponding substitutions of G227A [7] and G324A [8]
under the settings used in SOAPsnp, both of which were also respon-
sible for OP-insensitive AChE. The A298S substitution in DBM ace1
appeared to be a common mechanism for OP resistance, thus
implying its status as a critical locus to monitor OP resistance and
the cross-resistance to AChE-targeting insecticides.
The targets of ﬁpronil in DBM were also coded by a multi-gene
family, PxGABARα1 and PxGABARα2 [9], and only one point mutation
in PxGABARα1 at position 894 from G to T was linked to resistance
[10], resulting in the A282S substitution of the predicted protein.
SOAPsnp did not identify this heterozygous SNP from the FRS selectedTable 4
SNPs of ace1 between chlorpyrifos-resistant and susceptible DBM strains. Coordinates start
the corresponding base is measured in the PHReD scale using the following formula:−10×
two alleles of a possible heterozygous SNP have same sequencing quality.
Coordinate Susceptible
genotype
Resistant
genotype
Quality score
(QS)
Best
base
Average QS
(AQS)
366 C T 46 T 33
535 G T/G 61 T 32
999 A G 92 G 33
1050 G T/G 25 G 33
1077 C C/T 51 T 31
1212 G A 99 A 32
1254 C T 99 T 32
1299 A C 92 C 33
1476 A G 45 G 33
1521 A G 78 G 24by our lab, possibly due to the nature of the relatively low frequency
of the mutant allele (30%) in the resistant strain [10]. In the genotyp-
ing study of SNPs between SS and dieldrin-resistant DBM, a type of
cyclodiene insecticide, A282S substitution of PxGABARα1, was also
observed as the only resistant allele [9].This resistant strain showed
minor cross-resistance to ﬁpronil, suggesting that the point mutation
in this gene was not the major mechanism for ﬁpronil resistance in
DBM. It seems that the understanding of the resistant mechanism of
this insecticide should focus on other gamma-aminobutyric acid
(GABA) receptor-like subunit [9] or novel metabolic pathways.
However, the metabolism of ﬁpronil by detoxiﬁcation enzymes of
P450s, esterases and GSTs, were excluded [10]. Likewise, SOAPsnp
did not link any SNP in FRS to other GABA receptor-like cDNA
sequences deposited in GenBank (ID: EF156251 and EU273945).
We further investigated the expression patterns of three major
types of detoxiﬁcation genes, P450s, esterases and GSTs [37] in both
IRSs (Fig. 4), and found they were largely up-regulated with P450s
being the most pronounced, while few of GSTs displayed signiﬁcant
changes in expression. Several closely resistance-related P450
candidates (≥8-fold changes) were identiﬁed, including two known
DBM homologs of CYP9 [38] and CYP6 [39] families with the former
exhibiting >116 fold changes and two novel CYP6 members, one of
which was differentially expressed in both IRSs. We also found that
more members and elevated expression levels occurred notably in
the CRS than those in the FRS, similar to the ﬁnding that the metabolic
mechanism is not important for the latter [10]. Given that genetic
variation of single P450 allele can also confer insecticide resistance
[37], more experiments are required to clarify the potential roles of
these detoxifying DEUs in the insecticide resistance.3. Conclusions
Our newly developed DBM transcriptome provides the compre-
hensive genomic resources for the studies on developmental biology
and, more signiﬁcantly, an overview of the gene repertoire of insecti-
cide target and resistance-related detoxifying enzymes, which rein-
force the importance of DBM in the understanding of the resistance
mechanism to chemical insecticides and bioinsecticide Bt among
insects. Based on this, we further applied the NGS-based SNP
genotyping function as a novel and efﬁcient way to determine the
target insensitivity-associated mutation of insecticide resistance in
insect pests. The transcriptome could also be utilized in the develop-
ment of EST-based molecular makers and the establishment of a
genetic map for mapping the genes of interest. This work is the ﬁrst
step to our ongoing DBM genome project, and the developmental
and insecticide-resistant insights will be further analyzed and
described based on the upcoming DBM genome. The ﬁndings will
allow us to improve molecular strategies, such as RNAi-based pestat position 1 of the DBM ace1 cDNA sequence (GenBank ID: AY773014). The quality of
lg (error rate). P-values of the rank sum test were provided for evaluating whether the
Uniquely mapped
reads (UMR)
Second
base
AQS UMR Sequencing
depth
P-value
49 C 34 3 52 1.0000
51 G 33 14 67 0.2218
57 – – – 57 1.0000
148 T 33 16 164 0.3792
131 C 33 14 145 0.0464
72 G 34 1 74 1.0000
108 – – – 108 1.0000
94 G 34 2 97 1.0000
20 C 29 1 21 1.0000
104 A 2 1 105 1.0000
A B
Log2 (RPKM ratio)
Lo
g 1
0 
(F
DR
 va
lue
)
GST
P450
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Fig. 4. Differential expression of three major insecticide-metabolizing genes between insecticide-resistant and susceptible strains. Logarithm transformation of fold changes and the
corresponding FDR values of DBM homologs to cytochrome P450 (red solid square), carboxylesterase (CE) (green solid circle) and GST (blue solid triangle) genes from two IRSs of
chlorpyrifos (A) and ﬁpronil (B) relative to SS were plotted in pairs. X- and y-axis denote the logarithm values of the fold changes (in a base of two) and the FDR values (in a base of
ten). The regions delimited by a black dotted line represent both the up- and down-regulated genes as deﬁned in the Materials and methods, and the thresholds for the four and
eight fold changes were highlighted by orange and gray dotted lines, respectively. The arrows indicated a CYP6 family member up-regulated signiﬁcantly in both IRSs. Those dots
with logarithms of FDR values>320 were all plotted as 320.
175W. He et al. / Genomics 99 (2012) 169–177control, for incorporating into the integrated DBM management
program and practice.
4. Materials and methods
4.1. Insect rearing and sampling
A susceptible DBM strain was collected in July 2004 in the
vegetable ﬁelds of Fuzhou, Fujian province, southeastern China and
maintained without exposure to insecticide for the past 6 years.
From this colony of SS, two IRSs were established: one strain
becoming resistant to chlorpyrifos (DuPont, USA) and the other one,
to ﬁpronil (Bayer, Germany). Over a 2-year selection process, the me-
dian lethal concentration (LC50) reached 574 fold (51,500.00 mg L−1
vs. 89.79 mg L−1) for the CRS and 72 fold (16.85 mg L−1 vs.
0.23 mg L−1) for the FRS. Rearing conditions were set at 25±2 °C,
70–80% RH and a 16-h light/8-h dark photoperiod. Six samples were
analyzed: newly laid DBM eggs, third instar larvae, pupae, and adults
of SS, and third instar larvae of the two IRSs.
4.2. cDNA library construction and Illumina sequencing
The RNA extraction, cDNA library construction, and Illumina se-
quencing of the six samples were conducted at BGI-Shenzhen follow-
ing Zhang et al. [22]. Total RNAwas extracted fromwhole bodies. RNA
was isolated from each sample using TRIzol (Invitrogen). Oligo (dT)
beads were then used to isolate poly (A)+ mRNA, which was then
fragmented to 200–700 bp. The ﬁrst- and second-strand cDNAs
were synthesized using random hexamer primers, RNase H (Invitro-
gen), and DNA polymerase I (New England BioLabs). PE cDNA librar-
ies were prepared according to the protocol from Illumina company
and sequenced for 75 bp on the Illumina GA IIx platform.
4.3. cDNA library construction and Sanger sequencing
Approximately 1 μg of double-stranded cDNA from each sample
was used to synthesize double-stranded cDNA, using a Creator
SMART cDNA Library Construction Kit (Clontech). After puriﬁcation
using a QIAquickPCR puriﬁcation kit (Qiagen), dscDNAs were
digested using SﬁI and analyzed using an agarose gel to recoverregions from 1 to 3 kb, which were then ligated into the pDNR-Lib
vector (Clontech). Ligations were transformed into Escherichia coli
DH10B competent cells (Invitrogen). Approximately 10,000 single
colonies were single-pass sequenced from the 5′-terminus of the
cDNA using an ABI 3730 DNA sequencer.
4.4. De novo assembly of short reads
After ﬁltering out the sequencing adapters, clean single-end reads
were assembled into contigs using SOAPdenovo [40]. PE reads were
mapped onto the contigs, which were assembled into scaffolds
containing Ns. The Ns in the scaffolds were ﬁlled in with PE reads to
minimize the Ns, and scaffolds of less than 100 bp were discarded.
The scaffolds generated from each library were further subjected to
gap-ﬁlling and extension by PE reads to generate unique sequences
(unigenes), and unigenes less than 200 bp were excluded. The
unigenes from each sample were clustered together and combined
into an integrative set using the TIGR gene indices clustering tools
(TGICL) [41], with a setting of at least 200 bp overlapping and 94%
identity. To minimize sequence redundancy, the unigenes of the inte-
grative set were aligned with each other, and the short sequences
with over 98% identity to other long ones were discarded. Files
containing our sequences and their quality scores are available from
the National Center for Biotechnology Information (NCBI) Short
Read Archive (SRA) under the ID of SRA034927.
4.5. Gene prediction and annotation
The resulting dataset was compared to the NCBI non-redundant
(Nr) protein database using blastx (e-value cutoff≤1e-10), the Uni-
Prot knowledgebase (UniProtKB)/Swiss-Prot, the KEGG (http://
www.genome.jp/kegg/) and COG (http://www.ncbi.nlm.nih.gov/
COG/). The unigenes were accepted if 60% of the length (not including
Ns) were matched with known genes and excluded if matched with
more than ﬁve different known genes according to the criteria devel-
oped by Birzele et al. [24]. Sequences with blastx hits were annotated
according to GO terms using Blast2GO (www.blast2GO.com) [42] and
displayed by WEGO (http://wego.genomics.org.cn/cgi-bin/wego/
index.pl) [43]. The unigenes that had no homologs in the databases
176 W. He et al. / Genomics 99 (2012) 169–177at an e-value of e-5 were predicted using the ESTScan program [44]
for open reading frames (ORFs) and translation direction.
4.6. DEU screening and clustering analysis of GO and KEGG pathways
The quantitative unigene expression was calculated using the
reads per kb per million reads (RPKM) method according to
Mortazavi et al. [45]. The probability of a given unigene at the same
expression level between two given samples was estimated as
described by Audic and Claverie [46] The p-value was then subjected
to multiple hypothesis testing, and the threshold (≤0.05) was adjust-
ed using the false discovery rate (FDR) approach [47]. In this study,
the differential expression of unigenes between two given samples
was deﬁned as a q-value≤0.001 and an RPKM ratio≥2.00.
The DEUs in different samples were thoroughly explored using
advanced GO and KEGG pathway analysis. The p-value of a GO term
or pathway enriched with DEUs was calculated based on the
hypergeometric distribution as follows:
p ¼ 1−
Xm−1
i¼0
M
i
 
N−M
n−i
 
N
n
  ;
where N represents the total number of unigenes with GO or pathway
annotations, n is the number of DEUs between two given samples in
N, M is the total number of unigenes annotated to speciﬁc GO terms
or pathways, and m is the number of DEUs in M. The p-value was
subjected to Bonferroni correction and the corrected DEU p-values
in GO terms or pathways≤0.001 were considered enriched.
4.7. SNP identiﬁcation of mutation sites of candidate genes in IRSs
We selected two cDNAs encoding AChEs, ace1 (GenBank ID:
AY773014) and ace2 (AY061975) [7,8], as reference sequences for
SNP identiﬁcation in the CRS and two genes of resistance to dieldrin
(rdl), PxGABARα1 (FJ665608) and PxGABARα2 (FJ665610), encoding
subunits of GABA receptors [9,10], and two GABA receptor-like
sequences (EF156251 and EU273945) as reference sequences for
SNP identiﬁcation in the FRS. Short reads generated from the two
resistant strains with a quality value greater than 20 were aligned
against the corresponding sequences using SOAPsnp soft [40]. The
putative SNP sites with supporting reads ranging from 5 to 10,000
in number, which could map to not more than three positions, were
regarded as positive. Neighboring SNPs with spacing of less than
ﬁve bases were excluded.
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